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Department of Pharmacology, University of California, Davis, CaliforniaABSTRACT Spontaneous calcium (Ca) sparks are initiated by single ryanodine receptor (RyR) opening. Once one RyR
channel opens, it elevates local [Ca] in the cleft space ([Ca]Cleft), which opens other RyR channels in the same Ca release
unit (CaRU) via Ca-induced Ca-release. Experiments by Zima et al. (J. Physiol. 588:4743–4757, 2010) demonstrate that spon-
taneous Ca sparks occur only when intrasarcoplasmic-reticulum (SR) [Ca] ([Ca]SR) is above a threshold level, but that RyR-
mediated SR Ca leak exists without Ca sparks well below this threshold [Ca]SR. We examine here how single RyR opening
at lower [Ca]SR can fail to recruit Ca sparks at a CaRU, while still contributing to SR Ca leak. We assess this using a physiolog-
ically detailed mathematical model of junctional SR Ca release in which RyR gating is regulated by [Ca]SR and [Ca]Cleft. We find
that several factors contribute to the failure of Ca sparks as [Ca]SR declines: 1), lower [Ca]SR reduces driving force and thus limits
local [Ca]Cleft achieved and the rate of rise during RyR opening; 2), low [Ca]SR limits RyR open time (tO), which further reduces
local [Ca]Cleft attained; 3), low tO and fast [Ca]Cleft dissipation after RyR closure shorten the opportunity for neighboring RyR
activation; 4), at low [Ca]SR, the RyR exhibits reduced [Ca]Cleft sensitivity. We conclude that all of these factors conspire to
reduce the probability of Ca sparks as [Ca]SR declines, despite continued RyR-mediated Ca leak. In addition, these same factors
explain the much lower efficacy of L-type Ca channel opening to trigger local SR Ca release at low [Ca]SR during excitation-
contraction coupling. Conversely, all of these factors are fundamentally important for increasing the propensity for pro-
arrhythmic Ca sparks and waves in cardiac myocytes at high [Ca]SR.INTRODUCTIONCalcium (Ca) sparks andCa leak from the sarcoplasmic retic-
ulum (SR) play an important role in excitation-contraction
coupling (ECC) (1–3). Recent experimental results have
shown that there is ryanodine-receptor (RyR)-mediated SR
Ca leak that is not evident as Ca sparks (4,5). Zima et al.
(5) measured SR Ca leak directly as the rate of decline of
intra-SR [Ca] ([Ca]SR) upon complete block of the SR
Ca-ATPase. They found that Ca-spark frequency declines
as [Ca]SR declines, but that sparks abruptly disappear at an
apparent [Ca]SR threshold, despite continued RyR-mediated
leak at very low [Ca]SR. According to these and other results,
as [Ca]SR increases to high levels, spontaneous Ca sparks
occur more frequently. On the other hand, when [Ca]SR is
at moderate to low levels, Ca leak via RyRs still occurs, but
Ca sparks are not observed.
In cardiac myocytes, most RyRs are located in clusters in
the SR where the SR comes near the plasma membrane,
forming a small cleft space continuous with the cytosol
and submembrane space. Each cluster contains several to
several hundred RyRs (6–8) and is called a Ca-release unit
(CaRU). RyR channel gating is sensitive to the cleft-space
[Ca] ([Ca]Cleft) and to [Ca]SR (1,9–12). Before a Ca-spark
or Ca-leak event, the RyRs in a CaRU are all in a closed
state. During ECC, [Ca]Cleft rises due to Ca influx via
L-type Ca channels or Ca diffusion from neighboring
CaRUs, activating RyR channel opening to release moreSubmitted June 7, 2011, and accepted for publication October 12, 2011.
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0006-3495/11/11/2370/10 $2.00Ca from the SR (Ca-induced Ca-release (13,14)). Even
without L-type Ca-channel opening RyR channels open
stochastically at rates depending on [Ca]Cleft and [Ca]SR
(and also regulatory factors such as redox state and phos-
phorylation (1–3)). Once one RyR channel opens stochasti-
cally and elevates [Ca]Cleft locally, it is expected to recruit
neighboring RyRs in the CaRU to open, resulting in a Ca
spark where 6–20 RyRs open to produce the local Ca flux
(1,15). Because of the large Ca current through a single
RyR under physiological conditions (0.35–0.6 pA at
1 mM [Ca]SR) (16,17), one would expect local [Ca]Cleft to
rapidly rise to >10 mM (1,18) and effectively trigger
opening of other RyRs in the CaRU and thus a Ca spark.
The findings that substantial SR Ca leak via RyRs occurs
without producing Ca sparks (4,5) raise the question that
is the focus of this report: how does RyR opening at
a CaRU fail to trigger a Ca spark at moderate to low [Ca]SR?
The probability of RyR transition from the closed to open
state depends on several factors that are examined here.
Reducing [Ca]SR will lower the RyR driving force, thereby
limiting peak [Ca]Cleft at all times after opening. If openings
are briefer at low [Ca]SR (as measured experimentally (19)),
[Ca]Cleft may be reduced and the duration of [Ca]Cleft eleva-
tion will be shorter. It should be noted that [Ca]Cleft is
expected to drop toward diastolic levels very rapidly once
the RyR closes (<2ms) (1,18). Thus, if no new RyR opening
occurs stochastically during this open time and [Ca]Cleft
decline, then a potential spark will be aborted, and [Ca]Cleft
will fall back to the resting level (sometimes referred to as
stochastic attrition (20,21)). Lower [Ca]SR also reduces thedoi: 10.1016/j.bpj.2011.10.017
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probability that a single RyR opening will trigger neigh-
boring RyRs within a CaRU. Here, we quantitatively analyze
all of these factors that may contribute to Ca-spark failure
with continued RyR-mediated leak in ventricular myocytes.
Fig. 1A demonstrates visually the CaRUworking hypothesis
that at relatively high [Ca]SR, one RyR opening suffices to
robustly initiate a Ca spark (Fig. 1 A, lower left) where
multiple RyRs open in concert (Fig. 1 A, middle and right).A
B
C
FIGURE 1 (A) Schematic illustration of CaRU RyR array (green
spheres), Ca leak (upper), and a Ca spark (lower). (B) RyR gating scheme.
(C) Open probability (Po) of RyR as a function of [Ca]Cleft for two levels of
[Ca]SR.In contrast, at low [Ca]SR (Fig. 1 A, upper) single RyR
openings may be less able to recruit neighboring RyRs, and
the potential spark fails.MATERIALS AND METHODS
To understand the mechanisms of the Ca spark and Ca leak, we use a phys-
iologically detailed subcellular Ca cycling model based on that developed
by Restrepo et al. (22). Details of the model are in the Supporting Material.
Here, we highlight several key points.
The RyR channel is modeled as a four-state Markovian model regulated
by [Ca]Cleft and [Ca]SR (Fig. 1 B). The ~30-pL model myocyte contains
19,305 CaRUs, and a single CaRU contains 100 RyRs (Fig. 1 A). Each
RyR opens independently and stochastically. The average volume of the
cleft space is 0.00126 mm3 (disk of radius 0.2 mm and depth 10 nm). Several
changes were made to the Restrepo et al. model, including
1. The rates from the closed state to the open state,
k12 ¼ Kucp
2
Kcp2 þ c2p
þ w; k43 ¼ Kbcp
2
Kcp2 þ cp2 þ w;
where k12 is the rate from state 1 (S1) in Fig. 1 B to S2; k43 is the rate from
S4 to S3; c is [Ca] ; and K , K , K , and w are constants. This changep Cleft u cp b
limits the number of RyR openings during a Ca spark to ~10. For our condi-
tions, unitary RyR current is 0.51 pA at [Ca]SR  [Ca]Cleft ¼ 1 mM.
2. The rates from the open state to the closed state, to fit the experimental
observation of the mean open times (0.7~1.9 ms) (19):
k21 ¼ 0:5 ms1; k34 ¼ 3:3 ms1:
A detailed discussion of equations and parameters can be found in the
Supporting Material, including Table S1, which specifies changes made
to the published Restrepo model. In this study, we focus on RyR gating
that is independent of L-type Ca-channel gating, so L-type Ca current
was set to zero except in ECC simulations. We also added background
sarcolemmal membrane Ca flux (ICaBk) and the sarcolemmal membrane
Ca pump (ISLCaP) from the Shannon-Bers model (23). Membrane voltage
(Vm) was fixed (80 mV) except during ECC simulations. To avoid initial
condition dependence for the results, all simulations were evaluated after
steady state was reached.
Ca sparks and nonspark Ca leak via RyRs (referred to as non-spark leak)
are determined based on the amplitude of the local elevation of cytosolic
[Ca] within a volume of 0.5 mm3 surrounding a given CaRU. In experi-
ments, nonspark-mediated Ca leak is not readily detectable because of noise
in the [Ca]i signal. In computer simulations, of course, we can detect any
Ca leak. To mimic the experimental detection threshold for Ca sparks,
we set 0.1 mM for the D[Ca]i threshold amplitude for Ca sparks (i.e., if
the amplitude is <0.1 mM, we call it nonspark leak). This is close to the
minimum Ca-spark amplitude detected by Picht et al. in their spark analysis
algorithm (~0.06 mM), which is also sensitive to experimental conditions
(24). Fig. S2 shows a histogram of a Ca-release event amplitude from our
simulation, illustrating the cut-off amplitude used for Ca sparks. Fig. S3
shows three sample events from our simulations, where we added artificial
Gaussian noise to mimic experimental noise (the upper two events in
Fig. S3 qualified as Ca sparks). As the detection threshold increases, non-
spark leak is increased (25). If we reduce our detection threshold to
D[Ca]I ¼ 0.05 mM, more Ca sparks are seen (Fig. S4), but our conclusions
are unaltered.
To examine the efficacy of L-type Ca current during ECC, we use the
original Restrepo model for L-type Ca current. Vm is held at 80 mV for
2 s, and a square voltage-clamp pulse is then applied for 200 ms. Gain is
calculated as the integral of the SR release current divided by the integral
of the Ca current.Biophysical Journal 101(10) 2370–2379
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Influence of [Ca]SR and [Ca]Cleft on probability
of RyR opening
The RyR is regulated by both [Ca]Cleft and [Ca]SR. If
[Ca]Cleft is elevated, the probability of opening becomes
higher. This probability also depends on [Ca]SR (19), and
this joint dependence on [Ca]SR and [Ca]Cleft is shown in
Fig. 1, B and C.
We estimate [Ca]Cleft when a single RyR channel opens in
the CaRU. In other words, if one RyR channel opens, how
quickly does [Ca]Cleft rise to steady state (where Ca diffu-
sion into and out of the cleft are equal)? The driving force
of SR Ca release ([Ca]SR – [Ca]Cleft) depends mainly on
[Ca]SR and less on [Ca]Cleft, because [Ca]SR (~1 mM) is
much higher than [Ca]Cleft. Due to driving force, as [Ca]SR
increases, [Ca]Cleft accumulates faster and to a higher level
(Fig. 2 A). For the [Ca]SR of 200 and 800 mM shown, there is
a roughly fourfold difference in driving force. The
secondary rise in [Ca]Cleft at >2 ms reflects the gradualA
B
FIGURE 2 (A) Ca accumulation in the cleft space during single RyR
opening with low ([Ca]SR ¼ 200 mM) and high ([Ca]SR ¼ 800 mM) SR
Ca load. Circles indicate mean open time for each case. Slow increase of
[Ca]Cleft at 1–4 ms reflects slow accumulation of [Ca] at the submembrane
space. (B) Normalized open-time distribution for simulated events.
Biophysical Journal 101(10) 2370–2379rise in submembrane [Ca], which slows Ca diffusion out
of the cleft.
The mean open time of the RyR is also influenced by
[Ca]SR (19). In our model, the mean open times (tO) at 200
and 800 mM [Ca]SR are ~0.7 and 2 ms, respectively. The
distribution of open time is exponential, and the number of
events declines with increasing tO. It should be noted that
opening events with open time shorter than the mean occur
with much higher frequency (Fig. 2 B). Thus, a large fraction
of openings are shorter in duration at the lower values of
[Ca]SR.
The increased driving force and prolonged open time
contribute to higher and longer-lasting [Ca]Cleft during a
single RyR opening at 800 mM [Ca]SR, reaching ~37 mM
within the mean open time (Fig. 2 A, black circle) versus
~8 mM at [Ca]SR ¼ 200 mM (Fig. 2 A, red circle).
Next, we estimate the probability (p) that a single closed
RyR channel will open during the time (Dt) after the first
RyR opening by
p ¼ S1ð1 expðk12DtÞÞ þ S4ð1 expðk34DtÞÞ;
where Sn is the fraction of RyR in state n in the four-state
Markovian model (Fig. 1 B), k12 and k43 are transition rates
from S1 (closed state with low [Ca]Cleft/high [Ca]SR) to S2
(open state with higher [Ca]Cleft) and S4 (closed state with
low [Ca]Cleft and [Ca]SR) to S3 (open statewith high [Ca]Cleft),
respectively. Circles in Fig. 3 A are typical [Ca]Cleft based on
the analysis in Fig. 2. The timescale of Dt spans the relevant
mean open times. Since the mean open time is longer as
[Ca]SR becomes higher, we chose 1–4 ms for high [Ca]SR
and 0.5–2 ms for low [Ca]SR. Since opening rates (k12 and
k43) are functions of [Ca]Cleft, as [Ca]Cleft is increased, the
probability of opening a second RyR increases as [Ca]Cleft
increases. The ratio between S1 and S4 depends on [Ca]SR.
As [Ca]SR rises, the RyR tends to move from S4 to S1 (where
it is more readily activated by [Ca]Cleft; k12> k43). As a result,
the curve shifts from red to black in Fig. 3 A. Since there are
100 RyRs in one CaRU, if the probability is >5%, several
RyRs will open, further increasing [Ca]Cleft, and this positive
feedback leads to a Ca spark. On the other hand, if the prob-
ability is <<1%, then it is most probable that no additional
RyRs in the CaRU will open, and the flux from the single
RyR opening becomes nonspark Ca leak. In Fig. 3 A, Ca
sparks and nonspark leak are indicated with gradation from
yellow (Ca spark) to green (Ca leak). Because this is a
stochastic system, there is no sharp transient between the Ca
spark and Ca leak. It should be noted that there is an ~3%
probability of triggering a second RyR for 800 mM [Ca]SR,
whereas this probability is only 0.004% for in the case of
200 mM [Ca]SR (Fig. 3 A, black and red circles, respectively).
To be more precise, the probability (P(n)) that n channels
open in one CaRU due to single RyR channel opening can
be calculated for high [Ca]SR (Fig. 3 B) and low [Ca]SR
(Fig. 3 C) by
AB
C
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FIGURE 4 [Ca]SR dependence of RyR gating. (A) Mean open time
versus [Ca]SR. (B) [Ca]Cleft versus [Ca]SR when a single RyR opens for
the mean open time. (C) Probability of transition from the closed to the
open state when the RyR channel is exposed to [Ca]Cleft for the mean
open time. (D) Probabilities that n RyR channels open when the CaRU is
exposed to [Ca]Cleft for the mean open time.
FIGURE 3 (A) Probability of transition from the closed to the open state
when RyR channel is exposed to [Ca]Cleft for the indicated Dt ms. Circles
indicate [Ca]Cleft level if RyR opens for mean open time for each case
(black, low SR Ca load;, red, high SR Ca load). (B) Probability that n
RyR channels will open when the CaRU is exposed to [Ca]Cleft for 2 ms
with a high SR Ca load (800 mM). The orange line indicates the [Ca]Cleft
level if RyR opens for the mean open time. (C) Probability that n RyR chan-
nels open when the CaRU is exposed to [Ca]Cleft for 1 ms with low SR Ca
load (200 mM). The orange line indicates [Ca]Cleft level if RyR opens for the
mean open time.
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
N  1
n

pnð1 pÞN1n;
where N is the number of RyRs in one CaRU (100 in our
model). This is simply a binomial distribution. Since we
are calculating whether one RyR opening can open the other
RyRs, one RyR channel is already open. Therefore, this one
is subtracted from N.
At high [Ca]SR, once [Ca]Cleft exceeds 20 mM >50% of
the first stochastic RyR openings will open another RyR
in the same CaRU (note that typical [Ca]Cleft is 37 mM
(Fig. 3 B)). On the other hand, at low [Ca]SR, stochastic
opening of one RyR will not open another RyR in thesame CaRU, even if [Ca]Cleft goes to a high regime
(<10% at [Ca]Cleft ¼ 50 mM, and typical [Ca]Cleft is 8 mM
(Fig. 3 C)). Note that the multiple channel openings indi-
cated in Fig. 3 B are only those opened because of the initial
RyR opening and prevailing [Ca]SR and [Ca]cleft. Of course,
once any additional opening occurs the events will syner-
gize, and a full-blown Ca spark is much more likely to
occur. We cover that situation later in our discussion of
the full-blown simulations.
Analyses done above are summarized in Fig. 4 as a func-
tion of [Ca]SR. First, mean open time is an increasing func-
tion of [Ca]SR (Fig. 4 A). Then, [Ca]Cleft is determined by
RyR open time and driving force (Fig. 4 B). Since [Ca]Cleft
is nearly at steady state within the mean open time, the
driving force is the main determinant of the [Ca]Cleft. TheBiophysical Journal 101(10) 2370–2379
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2374 Sato and Bersdashed red line indicates the steady-state [Ca]Cleft for long
openings. Then, the probability (p) that a closed RyR
channel will open during the mean open time of a first event
depends on [Ca]Cleft and the sensitivity of RyR to [Ca]Cleft
determined by [Ca]SR (Fig. 4 C). As [Ca]SR increases, since
p is increased, the number of open RyR channels is
increased (Fig. 4 D). Note that the probability of three
RyR channels opening is vanishingly small for [Ca]SR %
500 mM, and this could be near the minimum number of
RyR openings at a CaRU to trigger a detectable Ca spark.
On the other hand, for [Ca]SR >750 mM, Ca sparks are
robustly recruited (more than five open channels). Once
several RyRs are open, they bring more Ca and open
more RyRs. This process is positive feedback for [Ca]SR ¼
800 mM and is similar to other excitable systems. Fig. S6
shows how a single RyR opening tends toward positive
feedback at higher [Ca]SR, but tends to extinguish release
at lower [Ca]SR.FIGURE 5 Numerical experiment using the physiologically detailed
model of Ca cycling. (A) Ca-spark frequency and SR Ca load. The SERCA
pump (Iup) is decreased to simulate thapsigargin exposure. Ca spark
frequency (bars) and SR Ca load (line) versus time. (B) Example of single
CaRU activity from simulation in A. Number of open channels versus time.
(Inset) A typical Ca spark.Integrated model of Ca sparks and nonspark-
mediated leak
The above analyses imply that the probability of a single
RyR opening becoming a Ca spark would rise quickly as
SR Ca load becomes higher. However, the synergy is not
fully captured by those static snapshots of gating proba-
bility. So, we run the full physiological simulation here to
assess the recruitment of both Ca sparks and nonspark
leak events (Figs. 5 and 6). Initially in Fig. 5 A, both Ca
sparks and Ca leak occur, but [Ca]SR is at steady state
(Fig. 5A). At this steady-state condition for the full model,
the SR Ca leak is balanced by reuptake by the SERCA
pump (Iup), and therefore, [Ca]SR stays constant. Then,
steady state is perturbed by blocking the SERCA pump
(Iup) to simulate the thapsigargin experiments in Fig. 1 C
of Zima et al. (5). As expected from the above, Ca-spark
frequency decreases as [Ca]SR declines (Fig. 5 A). Further-
more, Ca sparks are observed until [Ca]SR falls to
~550 mM. Even when [Ca]SR is below this point, [Ca]SR still
declines. This means that only nonspark Ca leak exists at
lower SR Ca load. In Fig. 5 B, a typical CaRU activity
from this simulation is shown. As [Ca]SR decreases, the
number of open channels during stochastic Ca-release
events is decreased (usually to one channel opening, but
occasionally to two).
Ca flux rates of Ca sparks and nonspark Ca leak are
a function of SR Ca load (Fig. 6 A). Since both frequency
and driving force are increased as [Ca]SR is increased, the
Ca-spark flux steeply increases as a function of [Ca]SR.
The three curves shown are in reasonable quantitative agree-
ment with experimental measurements in Fig. 6 A of Zima
et al. (5). Note that in the study presented here, we only
consider RyR-mediated leak, whereas there is an additional
small RyR-independent leak present in the experimental
data (5). If we make a two- to threefold change in RyRBiophysical Journal 101(10) 2370–2379sensitivity to Ca (Ku) or in single-channel flux (Jmax) indi-
vidually, these curves are shifted, altering the Ca-spark
threshold (Fig. S1), but the qualitative pattern is not appre-
ciably altered.Altered SR Ca leak-load relationship in heart
failure and adrenergic activation
We also tested how these curves shift when RyR channel
properties are altered (analogous to either genetic mutations
associated with catecholaminergic polymorphic ventricular
tachycardia (CPVT) or RyR gating alterations caused by
phosphorylation, redox modification, or heart failure
(HF)). Here, we chose two cases, HF (Fig. 6 B) and isopro-
terenol (ISO) stimulation (Fig. 6 C), using parameter
changes based on the work of Shannon et al. (26). Of note
here, for HF, SERCA2 uptake Vmax was reduced by 40%,
Na/Ca exchange Vmax was increased twofold, and SR Ca
leak was increased threefold (with a threefold enhancement
of Ca affinity). These changes shift all of the leak curves to
the left. The Ca-spark curve is especially depressed, and less
left-shifted, whereas the nonspark leak is much steeper. This
is consistent with the much higher leak rates measured in
our rabbit HF model at a given SR Ca load (27), despite
AB
C
FIGURE 7 L-type ICa and induction of RyR channel opening. (A) Time
course of [Ca]cleft during opening of one or two Ca channels at different
Vm. (B) Probabilities that n RyR channels will open when the CaRU is
exposed to [Ca]Cleft for 0.5 ms (open time) with high SR Ca load ([Ca]SR ¼
800 mM). (C) Same as B but for [Ca]SR ¼ 200 mM.
A
B
C
D
FIGURE 6 SR Ca leak-load relationships. (A) Control SR Ca flux rates
for total, Ca spark and nonspark Ca leak versus SR Ca load ([Ca]SR). (B)
Same analysis for model adjusted for HF. (C) Same analysis for model
with ISO adjustments. (D) Same analysis when HF is exposed to ISO.
Broken curves in B–D are data from A for comparison.
RyR-Mediated SR Ca Leak and Spark 2375very low Ca-spark frequencies (D. M. Bers, unpublished
observation). With ISO (twofold increase in SERCA2 Ca
affinity, 50% decrease in myofilament Ca affinity, and
twofold increase in RyR Ca affinity), all three curves were
again left-shifted. However, with ISO, as compared to HF,
the nonspark leak curve was less shifted and the Ca-spark
curve was more shifted, consistent with higher Ca-spark
frequency and leak typically seen with ISO (see, e.g., our
previous works (28,29). When combining HF and ISO, there
is a further increase in the Ca-spark curve, and this would be
consistent with an increased propensity for triggered
arrhythmias associated with Ca waves in HF (30).Impact of [Ca]SR on efficacy of Ca-induced
Ca-release during ECC
The ability of a given L-type Ca current to trigger SR Ca
release also depends steeply upon [Ca]SR, and a normal
ICa trigger cannot activate SR Ca release when SR Ca load
falls to ~50% of its normal value (11,12,31). It should be
noted that this is similar to the [Ca]SR below which Ca
sparks are not observed. We tested the possibility that the
basis for this failure of ECC at low [Ca]SR is the same as
in RyR gating properties, discussed above.
[Ca]SR was varied, and we simulated openings of one or
two of the L-type Ca channels at each CaRU at different
Vm. The unitary currents (in pA) were 0.666, 0.343, 0.147,
and 0.053, at 20, 0, þ20, and þ40 mV, respectively. We
estimate how many RyRs open when Ca enters via L-type
Ca channels (Fig. 7). The rise of [Ca]cleft depends on Vmand the number of open channels (Fig. 7 A). At Vm ¼
20 mV, a single L-type Ca channel opening can initiate
a Ca spark at [Ca]SR ¼ 800 mM (Fig. 7 B; compare with
Fig. 3 B). That is, there is a high probability that two or
more RyRs will be activated during the 0.5-ms open time
expected (Fig. 7 A, green line). At more positive Vm, the
unitary Ca current is smaller (lower driving force) and the
possibility of Ca spark induction by a single L-type Ca
channel opening is reduced. However, Ca-channel open
probability is also higher at higher Vm, increasing the prob-
ability of multiple Ca-channel openings. Coincidentally, the
efficacy of one open Ca channel at20 mV is comparable to
that of two channels at 0 mV (Fig. 7 A, blue solid line and
black dashed line, respectively). On the other hand, if
[Ca]SR is low (200 mM), even when the L-type current is
large, the probability that Ca sparks will be initiated is
zero (Fig. 7 C).
We also extended this to the full model and measured the
gain of ECC and fractional SR Ca release (Fig. 8). At low
[Ca]SR, ICa fails to activate SR Ca release. As [Ca]SRBiophysical Journal 101(10) 2370–2379
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C
FIGURE 8 (A) ECC gain versus [Ca]SR at Vm ¼ 20, 0, and þ40 mV.
Gain is defined by ! Irel/! ICaL. (B) Fractional release versus [Ca]SR at
Vm ¼ 20, 0, and þ40 mV. Fractional release is defined by ! Irel/total
SR Ca. (C) Normalized peak ICa and peak SR Ca release flux versus test Vm.
2376 Sato and Bersbecomes higher, gain and fractional release both increase
steeply. These results are similar to previous experimental
findings (11,12,31). These curves also depend on the test
Vm. If Vm is lower (20 mV), unitary L-type Ca current
becomes larger, and it is therefore more effective to initiate
Ca sparks at lower [Ca]SR. At higher Vm (þ40 mV),
although open probability is high and multiple L-type Ca
channels open, the unitary L-type Ca current is small
(0.053 pA), such that Ca sparks do not occur until a higher
[Ca]SR is reached. This explains the higher ECC gain at
negative Vm and causes the well-known displacement of
the SR Ca-release curve to the left of the ICa-Vm dependence
(Fig. 8 C)). In addition, fractional SR Ca release shows a
similar shape, but is highest for 0 mV and almost the same
for Vm¼ –20 and þ40 mV. Fewer CaRUs fire at 20 mV,
because the open probability of L-type Ca channels is rela-
tively low (thus, some CaRUs will not have ICa), whereasBiophysical Journal 101(10) 2370–2379at þ40 mV, fewer junctions fire, because either the number
of open channels is insufficient to make up for the lower
unitary current (Fig. 7 B) or the openings are not adequately
synchronous.DISCUSSION
Increasing [Ca]SR enhances Ca sparks and waves
In this study, we analyze how stochastic opening of RyRs
can initiate a Ca spark, and how [Ca]SR can profoundly
influence the ability of a single RyR opening to initiate
a Ca spark. The RyR channel is regulated by both [Ca]Cleft
and [Ca]SR. As [Ca]SR increases, RyRs are sensitized to
open at lower [Ca]Cleft and for longer times (9,10,19). In
this case, when one RyR opens, it is much more likely to
recruit additional RyRs to open in the same CaRU, because
[Ca]SR is high (which sensitizes the RyRs) and [Ca]Cleft is
higher and lasts longer (enhancing the probability of
stochastic RyR activation), and these effects work synergis-
tically. Of course, initial RyR openings are also much more
frequent at high [Ca]SR to begin with (for any [Ca]Cleft).
That further enhances the steep rise in Ca-spark frequency
and SR Ca leak with increasing [Ca]SR, as seen experimen-
tally (5,10,32). Although not explicitly studied here, the
higher propensity for Ca sparks as [Ca]SR increases would
also greatly enhance the ability of individual Ca sparks to
stimulate neighboring CaRU to also fire Ca sparks and
propagate as Ca waves through myocytes. These Ca waves
activate a depolarizing inward Na/Ca exchange current
that can trigger inappropriate action potentials and triggered
arrhythmias (33).Reducing [Ca]SR prevents Ca sparks
but not SR Ca leak
When [Ca]SR is reduced below a certain threshold level, Ca
sparks effectively cease to occur. As Zima et al. (5) demon-
strate, this is not because the Ca sparks are simply too small
to measure at low [Ca]SR. They showed that Ca sparks cease
at [Ca]SR where the Ca-spark amplitude is far above the
detection limit for Ca sparks. Our study provides clear
mechanistically sound explanations for these observations,
based on known properties of RyR gating.
Several factors (as discussed above) synergize to produce
this apparently steep cessation of Ca sparks. First, the lower
[Ca]SR reduces the driving force for Ca, resulting in lower
[Ca]Cleft during an RyR opening, which is a weaker stimulus
for neighboring RyRs. Second, RyR open time is lower at
low [Ca]SR, and this may also limit the rise in [Ca]Cleft
and the likelihood of adjacent RyR activation. Third, the
reduced open time at low [Ca]SR would reduce the time
for stochastic activation of neighboring RyRs. Fourth, at
low [Ca]SR, the RyR is much less sensitive to activation
by a given [Ca]Cleft, and this effect synergizes with the other
RyR-Mediated SR Ca Leak and Spark 2377three to greatly reduce the probability that a given RyR
opening can initiate opening of multiple RyRs at a single
CaRU. The lower [Ca]SR also reduces the probability that
a first RyR opening will happen, and that effect will further
reduce the probability for a Ca spark at low [Ca]SR. To put
this into a semiquantitative context, our analysis (Fig. 3 A)
shows that a single RyR opening is ~1000 times less likely
to trigger a second RyR for [Ca]SR ¼ 200 vs. 800 mM. If we
multiply that by the 10- to 100-fold lower RyR Po (Fig. 1 C,
which reflects the reduced probability for a first event), that
would make the overall probability of a Ca spark 10,000–
100,000 times lower at 200 vs. 800 mM [Ca]SR. This
explains the apparently abrupt thresholdlike disappearance
of Ca sparks as [Ca]SR declines in the data of Zima et al. (5).
It should be noted that SR Ca-release events smaller than
Ca sparks have been reported, and these are referred to as Ca
quarks or quarky Ca release (34,35). These may indeed
reflect the same sub-spark-amplitude SR Ca-release events
we (and Zima et al. (5)) are considering as nonspark RyR-
mediated SR Ca leak. Here, we have focused on function-
ally homogeneous independent RyRs within CaRUs.
However, it is also possible that individual RyRs or tiny
clusters of RyRs that are not within the CaRU (or that
have fundamentally different regulation) could contribute
to nonspark-mediated SR Ca leak (4,36). Those rogue
RyRs could certainly contribute to the nonspark-mediated
SR Ca leak, and it is easy to appreciate how that could
work, based on the principle examined here. If RyRs within
a given CaRU are perforce functionally coupled such that
when one opens they all open in a concerted fashion (37),
then by definition one RyR opening must drive an entire
CaRU, our analysis would be moot, and rogue RyRs would
be required to explain RyR-mediated SR Ca leak that is
smaller than such a unit. However, the real extent of coupled
RyR gating in the heart is not known. If such coupling is
weak and/or only involves 2–3 nearest neighbors, then our
analysis remains qualitatively unaltered. Indeed, although
rogue RyRs may well exist, our conclusion is that they are
not necessary to explain SR Ca-release events that are
smaller than a Ca spark. Indeed, other modeling studies
have integrated SR Ca leak via Ca sparks and subspark
events (25,38), including a contemporaneous study (39)
where coupled RyR gating was relaxed to allow subspark
leak to be significant, as seen in myocyte experiments
(5,35).
It is important to acknowledge that our model, while
reasonable in representing experimentally measured RyR
properties, is unlikely to be completely accurate in all
details. However, we are confident that any inaccuracies in
our model will have only quantitative, not qualitative,
impact on our conclusions. Moreover, the logical synergy
of the known [Ca]SR effects explored here that produces
the mechanistic conclusions above is compelling. We
show data for CaRUs of only 100 RyRs, but the qualitative
conclusions would be unaltered by a wide variety of CaRUsizes, or specific Ca dependences. Additional experimental
work is likely to help refine the model and its parameters
and sharpen the quantitative aspects of our conclusions.Mean open time of RyRs
In our model, we varied RyR mean open time with [Ca]SR
(between 0.7 and 1.9 ms) based on experimental observa-
tions by Gyo¨ke et al. (19). Other groups observed less
dependence of open time on [Ca]SR. To test how important
this is to our results, we also ran simulations where open
time was independent of [Ca]SR (k21 ¼ k34¼1.0 ms1).
Fig. S5 shows that the leak curves are slightly shifted at
[Ca]SR >550 mM, but that the fundamental characteristics
are little changed. This indicates that [Ca]SR-dependent
alteration in open time is not essential for the observed
behavior, and that the other factors we have explored are
sufficient.Reduced [Ca]SR reduces fractional SR Ca release
during ECC
Some of the same characteristics that cause Ca spark failure
at low [Ca]SR are also likely to explain the dramatic reduc-
tion in fractional SR Ca release seen at low [Ca]SR (11,12).
Indeed, those studies showed that when diastolic SR Ca
content falls by ~50%, normal L-type ICa can no longer
trigger appreciably SR Ca release. There may be two expla-
nations for this, but both are germane here. First, the normal
ICa, which can activate SR Ca release with high fidelity at
virtually all CaRUs when the SR is well loaded (40,41),
may not produce high enough [Ca]Cleft to trigger RyR
opening at low [Ca]SR because of the desensitization of
RyR to [Ca]Cleft caused by low [Ca]SR. This is similar to
the effect in Fig. 1 C, where lower [Ca]SR reduces the Po
of RyR (by ~100-fold) over a broad range of [Ca]Cleft.
Second, even if local L-type Ca current activates a single
RyR in a CaRU, the probability of a full activation at that
CaRU when [Ca]SR is low (Fig. 8) is reduced for precisely
the same reasons described above for the failure of Ca
sparks after an initial RyR opening.
At more positive Vm, unitary iCa amplitude gets smaller,
but more channels will open, the latency to opening is
shorter, and thus, openings are more likely to overlap in
time. This means that at high [Ca]SR, either a single Ca
channel opening (at 20 mV) or 2–3 relatively synchro-
nized openings at Vm ¼ 0–þ20 mV can trigger SR Ca
release at a CaRU with high coupling fidelity. It is apparent
that the single opening at more negative potentials is a more
efficient trigger, because ECC gain (release/trigger) is
higher there (14,41). A consequence of that is that as a func-
tion of Vm, the Ca transient amplitude peaks at a slightly
more negative Vm than the maximal ICa amplitude. The
smaller Ca transients at lower Vm (Fig. 8 B) occur because
fractional release becomes smaller (fewer sites are firingBiophysical Journal 101(10) 2370–2379
2378 Sato and Bers(Fig. S7)), despite the higher iCa efficacy (or gain) at the
CaRUs that do fire.
On the other hand, as [Ca]SR is reduced, all of these ICa
triggers become less efficacious (Fig. 8), and that explains
the failure of Ca-induced Ca-release at low [Ca]SR. Flirting
with the edge of this steep-gain phase can also cause insta-
bility evident as Ca and action potential alternans. Diaz et al.
(42) demonstrated this phenomenon with Vm pulses to
–20 mV. For their conditions, the ICa during the small beat
was able to release Ca from only a modest fraction of
CaRUs, resulting in a small overall Ca transient and less
Ca-dependent inactivation of ICa. At the next beat, the SR
Ca load was slightly higher, and the same ICa trigger caused
more uniform and larger SR Ca release (presumably
because the higher [Ca]SR allowed recruitment of more
release sites). However, the larger Ca transient enhanced
Ca extrusion and reduction of [Ca]SR, causing the next Ca
transient to be small and the alternating pattern to continue.Basis for termination of SR Ca release during
sparks and ECC
Several studies have shown that SR Ca release terminates
during both ECC and Ca sparks when [Ca]SR falls to ~40–
50% of the typical normal SR Ca content or [Ca]SR
(11,12,33,41,43–49). That effect may also be related to
this discussion and the importance of [Ca]SR in regulating
SR Ca release. The current paradigm emerging from much
work is as follows. Once regenerative SR Ca release has
started at a CaRU, as either a Ca spark or a Ca spike or
during normal ECC, [Ca]SR progressively declines, and at
some point, the combination of [Ca]SR-dependent desensiti-
zation of RyRs and lower [Ca]Cleft (as driving force and
possibly open-time decline) causes SR Ca release to self-
terminate at a threshold [Ca]SR (which is similar to the
threshold for Ca sparks and for ICa to trigger SR Ca release).
This is analogous to the relative inability of a single RyR
opening to initiate a Ca spark at low [Ca]SR, as discussed
above.Effect of HF and b-adrenergic stimulation
When RyR becomes more sensitive to [Ca]Cleft, the Ca-
spark flux rate shifts to lower [Ca]SR (Fig. S1 A). This
happens during HF and b-adrenergic stimulation. Although
RyR becomes sensitive during HF, the SERCA pump is also
down-regulated. Therefore, [Ca]SR falls, and Ca sparks are
rare. However, in this state, adrenergic activation (ISO)
can drive [Ca]SR up to the point where Ca sparks are more
likely.CONCLUSION
In this study, we show how RyR channel properties are
linked to Ca sparks and nonspark Ca leak. Several factorsBiophysical Journal 101(10) 2370–2379contribute synergistically to the failure of Ca-spark initia-
tion as [Ca]SR declines: 1), the lower [Ca]SR reduces the
RyR Ca driving force and thus limits kinetics and amplitude
of local [Ca]Cleft rise; 2), low [Ca]SR can reduce RyR open
time (tO), which further limits the local [Ca]Cleft attained;
3), the low tO and fast [Ca]Cleft dissipation after closure
shorten the opportunity for neighboring RyR activation;
and 4), at low [Ca]SR, the RyR exhibits reduced [Ca]Cleft
sensitivity. We conclude that all of these factors synergize
to reduce the probability of Ca sparks as [Ca]SR declines,
despite continued RyR-mediated SR Ca leak. We further
suggest that these effects are directly and mechanistically
related to the control of both initiation and termination of
Ca sparks, to arrhythmogenic Ca-wave propagation initi-
ating delayed afterdepolarizations, and to the control of
fractional SR Ca release during ECC.SUPPORTING MATERIAL
Details of the subcellular Ca cycling model, a detailed discussion of
equations and parameters, references, seven figures, and three tables are
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)
01207-0.
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